Introduction
[2] Methyl iodide (CH 3 I) is the dominant gaseous organic iodine species in the troposphere, and it is emitted mainly from the ocean. This compound plays important roles in the natural iodine cycle, and in several key atmospheric processes such as stratospheric ozone destruction, tropospheric oxidative capacity, formation of marine aerosols, and cloud condensation nuclei [Chameides and Davis, 1980; Solomon et al., 1994; Davis et al., 1996; McFiggans et al., 2000; O'Dowd et al., 2002] .
[3] Methyl iodide is likely to have both biological and nonbiological sources in the ocean. Its release by marine macroalgae and ice algae in various regions has been reported [e.g., Manley and Dastoor, 1988; Laturnus et al., 1998; Giese et al., 1999] . The source of CH 3 I sources in open ocean waters has also been related to phytoplankton activity [Moore and Tokarczyk, 1993; Manley and delaCuesta, 1997] . Smythe-Wright et al. [2006] reported that Prochlorococcus (a kind of picoplankton) by itself might be responsible for a global flux of 530 GgI/a based on laboratory experiments. Methylation of iodine by bacteria is another biological path of CH 3 I production [Amachi et al., 2001] . Moore and Zafiriou [1994] showed that photochemical degradation of dissolved organic carbon, a nonbiological mechanism, also produces CH 3 I in seawater.
[4] Because the global flux related to each source has great uncertainty, estimates of global oceanic CH 3 I emissions range widely, from 140 to 1300 Gg/a [Bell et al., 2002, and references therein] . Many terrestrial sources, such as rice paddies [Muramatsu and Yoshida, 1995; Redeker et al., 2000] and soil bacteria [Amachi et al., 2003] , also emit CH 3 I, but the CH 3 I flux from these sources is poorly quantified.
[5] There have been a considerable number of atmospheric CH 3 I observations in marine environments [Lovelock, 1975; Rasmussen et al., 1982; Singh et al., 1983; Moore and Tokarczyk, 1993; Yokouchi et al., 1997 Yokouchi et al., , 2001 Blake et al., 1999; Carpenter et al., 1999; Cohan et al., 2003; Cox et al., 2005; Butler et al., 2007] , although only limited data are available for its temporal and spatial distribution on a global scale. Typical background concentrations of 0.2 -2 ppt have been reported, with higher amounts reported near coastal areas or over biologically productive oceans. Higher concentrations of CH 3 I are found in the tropics and subtropics, suggesting increased fluxes in the lower latitudes [Rasmussen et al., 1982; Blake et al., 1999; Butler et al., 2007] . Seasonal variations with summer/autumn maxima have also been found in the midlatitudes [Rasmussen et al., 1982; Yokouchi et al., 2001; Cox et al., 2005] . These observational data provide important information on which to base hypotheses about source distribution and atmospheric processes, and they also can be used to constrain model simulation parameters.
[6] We report here the results of extensive measurements of atmospheric CH 3 I at various sites, and discuss seasonal variation at high, middle, and low latitudes in both hemispheres. monitoring observatory which was located about 300 m upwind of the main buildings. At San Cristobal Island, samples were collected at a beach site.
Observations
[9] In the Southern Ocean, we measured CH 3 I during the JARE 41 cruise (R/S Shirase, November -December 1999; February -March 2001) . Although the sampling period differed from that of the other data sets, we also include these data in our discussion.
[10] All air sampling was done with stainless steel canisters. After transport to the laboratory, the samples were analyzed using a preconcentration/capillary gas chromatograph -mass spectrometry (GC-MS). Sample size for the analyses was 1 L for the Syowa samples and 500 mL for the others. Calibration was performed with a standard mixture containing 100 ppt of CH 3 I gravimetrically prepared in a high-pressure 10-L aluminum cylinder (Taiyo Toyo Sanso Co., LTD). Since the concentration of CH 3 I in the cylinders decreased with time (typically by a few percent per month for a starting concentration of 100 ppt, but varying greatly depending on the cylinder), the actual concentration in the cylinders was calibrated with a 1-ppb standard gas that was dynamically generated by dilution of a 1-ppm standard gas once a month. Detection limit for CH 3 I was around 0.1 pg, which corresponded to 0.01$0.02 ppt in a 1L air sample, and the relative standard deviation of duplicate samples from Hateruma was 10% (average concentration 0.8 pptv). More details of the analytical procedures are described elsewhere [Li et al., 1994; Yokouchi et al., 1997 Yokouchi et al., , 1999 .
Results and Discussion
[11] The observed CH 3 I concentrations ranged from 0.01 ppt to 5.5 ppt. All data were plotted against latitude (center of Figure 2 ), and the concentrations tended to be higher at low to midlatitudes. The mean, median, standard deviation, and range of CH 3 I concentrations in each data set are listed in Table 1 , along with previously reported data for comparison. Seasonal variations in CH 3 I at Alert, Cape Ochiishi, Tsukuba, Happo Ridge, Hateruma Island, over the North Pacific north of 40°N, Cape Grim, and Syowa are also shown in Figure 2 , together with the sea surface temperature (SST; quoted from the corresponding Integrated Global Ocean Services System (IGOSS) weekly SST 1°Â 1°m esh data set (IGOSS products bulletin, available from the International Research Institute for Climate Prediction (IRI), http://ingrid.ldeo.columbia.edu/expert/SOURCES/.IGOSS/ .nmc/.Reyn_SmithOIv1/.weekly/)) at marine sites. For Alert, the North Pacific, and Hateruma Island, previously reported CH 3 I measurements for 1996-1999 [Yokouchi et al., 2001] are also shown (gray crosses).
Latitudinal Distribution
[12] Median values for the fixed coastal observation sites were 0.20 ppt at Alert, 0.72 ppt at Cape Ochiishi, 0.77 ppt at Hateruma Island, 1.05 ppt at San Cristobal Island, 0.52 ppt at Cape Grim, and 0.23 ppt at Syowa Station, suggesting increasing concentrations from high to low latitudes. However, CH 3 I concentrations measured over the tropical western Pacific were around 0.6 ppt-close to, or lower than, those from midlatitudes. We also examined the data by dividing them according to 10°intervals of latitude, and found that CH 3 I concentrations within 10°of the equator were lower than those from further north (10 -20°N) or south (10 -20°S) by approximately 15% (Table 1) .
[13] The high levels of CH 3 I observed at San Cristobal Island might be related to high biological productivity in the eastern Pacific or in the surrounding coastal waters, where high levels of bromoform and dibromomethane, which are derived mostly from macroalgae growing in coastal waters, were also detected [Yokouchi et al., 2005] . This finding is consistent with the high concentrations observed in an upwelling area off Peru (eastern Pacific coastal area) by Rasmussen et al. [1982] . On the other hand, the low concentrations of CH 3 I over the tropical western Pacific might be attributable to low bioproductivity in that region. Rapid atmospheric dilution resulting from active convection might be responsible to some extent for the slight drop in CH 3 I concentrations observed at the equator over the western Pacific.
[14] The atmospheric CH 3 I levels presented here are generally consistent with cruise data (Atlantic, Pacific, and Southern Ocean) recently reported by Butler et al. [2007] , marine boundary data (<0.5 km altitude) extracted from aircraft measurements over the Pacific Ocean [Blake et al., 1999] , and springtime measurements at Mace Head (west coast of Ireland) [Carpenter et al., 1999] , as well as with our previous data from over Asian seas and the western Pacific [Yokouchi et al., 1997] and at Alert, over the northwestern Pacific, and at Hateruma Island [Yokouchi et al., 2001] (Table 1) . Our concentration data from Cape Grim (mean, 0.53 ppt), however, are much lower than in situ measurements made at the same site by the Advanced Global Atmospheric Gases Experiment (AGAGE [Krummel et al., 2007] ; mean concentration, 1.2 ppt under baseline wind conditions). This difference is likely due to calibration [Yokouchi et al., 2001] are also shown (gray crosses) for Alert, Hateruma Island, and the North Pacific. differences between the AGAGE and NIES measurements, because the mean (±SD) ratio of NIES to AGAGE in situ measurements made at corresponding sampling times (63 comparisons, 2004 -2007) was 0.53 ± 0.10. Our measurements are also lower than the global background concentration of atmospheric CH 3 I of 1 -3 ppt, reported by Rasmussen et al. [1982] , by a factor of about 3.
Seasonal Variation
[15] Seasonal trends of atmospheric CH 3 I showed quite different patterns at different latitudes, although no systematic seasonal change was found at the equator (San Cristobal Island) (Figure 2) .
[16] The CH 3 I concentrations observed at midlatitudes, over the North Pacific, at Cape Ochiishi, and at Cape Grim were higher in summer and early autumn than in other seasons of the year (excluding one outlying data point for November at Cape Ochiishi). A similar seasonal variation at midlatitudes has been observed by earlier studies: at Cape Grim [Cohan et al., 2003] and Cape Meares (45°N) [Rasmussen et al., 1982] , as well as in our previous measurements over the North Pacific [Yokouchi et al., 2001] . Enhancement of CH 3 I in summer has also been observed at Mace Head [Bassford et al., 1999] (Table 1) . The occurrence of maximum concentrations in summerautumn means that an enhanced oceanic source dominated the photolysis sink in the atmosphere, which would also be enhanced in those seasons. Rasmussen et al. [1982] attributed high summertime CH 3 I concentrations to high biomass productivity in the ocean during summer, whereas Yokouchi et al. [2001] showed that SST was positively related to the CH 3 I concentration. A less pronounced change in the CH 3 I concentration was observed at Hateruma Island, which is at lower latitude (24.1°N). Measurements below 0.5 km alt were read from Figure 7 of Blake et al. [1999] .
[17] The most striking seasonal variations were observed in the Arctic (Alert) and in Antarctica (Syowa Station). At these high-latitude sites, CH 3 I was detected at low concentrations, ranging from <0.02 to 0.5 ppt, and its seasonal variation showed sinusoidal curve with a winter maximum, which was clearly inversely correlated with that in the expected incident solar radiation (highest in June and lowest in December in the Northern Hemisphere, and vice versa in the Southern Hemisphere). A possible explanation for this would be that CH 3 I emission from the surrounding cold oceans is very small throughout the year, and long-range transported CH 3 I from midlatitudes is more responsible for the atmospheric CH 3 I in the polar regions. In summer, intense solar radiation could enhance photolytic decomposition of atmospheric CH 3 I during long-range transport, while, during the dark winter months, more CH 3 I would be transported from midlatitudes without loss due to photolysis. Thus, the intensity of solar radiation in high latitudes could account for the seasonal change of atmospheric CH 3 I observed there. The preliminary observation of CH 3 I at Syowa Station in 2000 was consistent with the present result in the seasonal trend and average concentration. Furthermore, the clear seasonal variation in atmospheric CH 3 I at Syowa Station found in this study agrees well with the variation curve reconstructed on the basis of Antarctic firn measurements [Sturges et al., 2001] .
[18] The seasonal variations in Figure 2 suggest a positive correlation between atmospheric CH 3 I and SST at all midlatitude marine sites (North Pacific, Cape Ochiishi, and Cape Grim) and at Hateruma Island. The relationship of CH 3 I concentration and SST from each marine site is plotted in a log linear scale in Figure 3 , where the North Pacific data were chosen from two regions, western part between 45°N and 50°N (region A) and central part between 40°N and 45°N (region B), indicated in Figure 4 . The correlation coefficients (R 2 ) between the atmospheric CH 3 I concentration and SST in Figure 3 were 0.52 for the North Pacific -A, 0.49 for Cape Ochiishi, 0.41 for Cape Grim, 0.40 for the North Pacific -B and 0.19 for Hateruma Island, while the data from San Cristobal Island as well as from both of the polar sites showed no correlation. High correlation between atmospheric CH 3 I and SST at midlatitudes had also been found in the previous work, where the finding was explained by the photochemical production of CH 3 I rather than biogenic emission [Yokouchi et al., 2001] . Main reason was that higher emission of CH 3 I from warmer seawater had been well reflected in its atmospheric concentration, in spite that CH 3 I is easily decomposed by photolysis in the atmosphere (atmospheric lifetime, 2 -5 days [Zafiriou, 1975; Rattigan et al., 1997] ). It was very likely that photochemical production of CH 3 I in the water were compensating for its photolytic decay in the atmosphere, leading to no prominent effect of solar radiation on the atmospheric CH 3 I concentration. In the study, some effect by bioactivity on the CH 3 I concentration was also suggested from its positive correlation with the concentration of dimethyl sulfide (DMS), a gas with a well documented phytoplankton source. This could be consistent with the photochemical production of CH 3 I, considering high organics related with high bioactivity would act as a source of methyl radicals in the seawater, although there is a possibility of additional direct biogenic production of CH 3 I. Furthermore, little influence of wind speed on the atmospheric concentration favored the idea of photochemical production of CH 3 I, since the compound produced photochemically at the surface could be released into the atmosphere without transport from the bulk seawater to the surface which is dominated by wind turbulence. On the whole, a newly proposed model based on the photochemical production of CH 3 I in the surface seawater could well reproduce those atmospheric CH 3 I concentration correlated with SST. In this study, we found that the positive correlation between atmospheric CH 3 I and SST are more commonly observed at midlatitude marine atmosphere, giving additional support for the photochemical production of CH 3 I.
[19] At the two inland stations, the mean concentration of CH 3 I was 0.87 ppt (Tsukuba) and 0.46 ppt (Happo Ridge); in particular, spring/summer CH 3 I concentrations at Tsukuba (up to 4 ppt) exceeded values at oceanic sites. These values might reflect terrestrial sources, such as rice fields, in addition to transport from oceanic sources. Redeker and Cicerone [2004] noted that CH 3 I emissions from paddies were positively correlated with temperature, essentially doubling with a temperature increase of 10°C (from 25 to 35°C). Terrestrial sources might also contribute to the CH 3 I concentrations observed at Cape Ochiishi, because the site is occasionally affected by inland air masses.
[20] To better compare the seasonal variation in atmospheric CH 3 I at various sites, we plotted all data, except for equatorial data, according to hemisphere ( Figure 5 ). Surprisingly, we found that the CH 3 I concentration in winter fall in a narrow range around 0.5 ppt (0.5 ± 0.2 ppt) at all sampling points, whether in the Northern or Southern Hemisphere, at middle or high latitude, or inland or marine. This rather uniform distribution of atmospheric CH 3 I (around 0.5 ppt) in wintertime at both middle and high latitudes likely reflects the balance among (local) emission, transport, and photolytic decay in the atmosphere.
Conclusions
[21] We investigated seasonal variation in atmospheric CH 3 I at high-, middle-, and low-latitude sites in both hemispheres. We found the lowest concentrations of CH 3 I in the Arctic and in Antarctica, where very similar seasonal variations were clearly inversely correlated with variations in incident solar radiation. In marine boundary air at midlatitude, the CH 3 I concentration was well correlated with SST. This finding is consistent with our previous observation, and would support the conclusion therein that CH 3 I is produced photochemically from organic compounds in the surface seawater, balancing out the effect of photolytic decomposition in the atmosphere. The highest median concentration of CH 3 I was observed over San Cristobal Island, which is on the equator in the eastern Pacific, although elevated concentrations were not found over the western Pacific at or near the equator. This would suggest that high bioproductivity is also likely to be an important factor controlling CH 3 I emission. Noteworthy was that atmospheric CH 3 I in wintertime is rather uniformly (around 0.5 ppt) distributed at middle and high latitudes. The rather high concentrations observed at inland sites also suggest the potential importance of terrestrial sources.
[22] The positive correlation between CH 3 I fluxes and SST suggests that a future SST change might create an imbalance of iodine chemistry in the atmosphere. Greater understanding of global CH 3 I emissions could be gained by systematic measurements at continental sites, as well as at oceanic sites with high bioproductivity, such as along the coasts of Peru and Chile.
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